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a  b  s  t  r  a  c  t
Autotrophic  denitriﬁcation  coupled  with  sulﬁde  oxidation  represents  an interesting  alternative  for  the
simultaneous  removal  of nitrate/nitrite  and  sulﬁde  from  wastewaters.  The  applicability  of such  bioprocess
is especially  advantageous  for the  post  treatment  of  efﬂuents  from  anaerobic  reactors,  since they  usually
produce  sulﬁdes,  which  can be  used  as  endogenous  electron  donor  for autotrophic  denitriﬁcation.  This
study evaluated  the  effect  of  sulﬁde  concentration  on  this  bioprocess  using  nitrate  and nitrite  as  electron
acceptors  in  vertical  ﬁxed-bed  reactors.  The  results  showed  that  intermediary  sulfur  compounds  were
mainly produced  when  excess  of electron  donor  was  applied,  which  was  more  evident  when  nitrateitrate
itrite
ulﬁde
ntermediary sulfur compounds
was  used.  Visual  evidences  suggested  that elemental  sulfur  was  the  intermediary  compound  produced.
There was  also evidence  that  the  elemental  sulfur  previously  formed  was  being  used when  sulﬁde  was
applied in  stoichiometric  concentration  relative  to nitrate/nitrite.  Nitrite  was more  readily  consumed
than  nitrate.  For  both  electron  acceptors  and  sulﬁde  concentrations  tested,  autotrophic  denitriﬁcation
was  not  affected  by  residual  heterotrophic  denitriﬁcation  via  endogenic  activity,  occurring  as  a  minor
additional  nitrogen  removal  process.
© 2012 Elsevier Ltd.      Open access under the Elsevier OA license. . Introduction
Efﬂuents produced by anaerobic treatment systems may
resent legally acceptable efﬁciencies regarding the organic mat-
er removal. Nitrogen concentrations in such efﬂuents represent,
owever, an environmental issue of concern, because this type of
reatment alone is not capable of an efﬁcient removal of nutri-
nts. Besides, the levels of sulﬁde production may  be extremely
armful depending on the sulfate concentration present in the
nﬂuent to be treated by anaerobic technology. Given this context,
ulﬁde-oxidizing autotrophic denitriﬁcation (SOAD) represents a
uitable solution for the post treatment of efﬂuents from anaero-
ic reactors. When mixed with a previously nitriﬁed portion of the
fﬂuent, sulﬁde present in the non-nitriﬁed portion can be used as
n endogenous source of electron donor for denitriﬁcation, reduc-
ng post-treatment costs.
Although some researches on SOAD were carried out in recent
ears for the post-treatment of efﬂuents from anaerobic reactors
1–3], sulfur and nitrogen compounds are at high concentrations
n these cases. The process was not deeply studied regarding its
∗ Corresponding author. Tel.: +55 16 3373 8358.
E-mail addresses: bs moraes@yahoo.com.br (B.S. Moraes),
heosyrto@yahoo.com.br (T.S.O. Souza), eforesti@sc.usp.br (E. Foresti).
359-5113 © 2012 Elsevier Ltd.           
ttp://dx.doi.org/10.1016/j.procbio.2012.05.008
Open access under the Elsevier OA license. application for efﬂuents containing low nitrogen concentrations
such as efﬂuents from anaerobic reactors treating domestic sewage.
Additionally, most of the studies on SOAD were performed in
reactors containing suspended cells [4–11], with little information
about this process in systems with immobilised cells [2,12–14]. In
this latter, major stability of the microorganisms colonies can be
reached due to the formation of bioﬁlm attached to the support
surface, ensuring biomass retention in the reactor. Consequently,
ﬁxed-bed reactors provide increased cell retention time during
reactor operation, which could result in higher efﬁciencies.
Chemolithotrophic oxidizing sulfur bacteria are responsible for
reducing the oxidized nitrogen compounds (NO2−, NO3−) simulta-
neously to sulﬁde oxidation. These bacteria are also capable of using
other inorganic reduced sulfur compounds as electrons donors for
autotrophic denitriﬁcation, such as thiosulfate and elemental sul-
fur [5]. Besides, some species can even grow under microaerophilic
conditions, e.g. Thiobacillus denitriﬁcans [12]. In addition to its ver-
satility, the low nutritional requirements and low growth rates are
the major advantages of this bioprocess for nitrogen removal.
SOAD process does not produce harmful compounds, being sul-
fate/elemental sulfur and nitrogen gas the main ﬁnal products.
According to Mahmood et al. [6],  the stoichiometric chemical reac-
tions for autotrophic denitriﬁcation from nitrate and nitrite, with
complete sulﬁde oxidation, are given by Eqs. (1) and (2),  respec-
tively. When the partial sulﬁde oxidation to elemental sulfur occurs,
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Table 1
Applied concentrations of the electron donor and the respective N/S molar ratios.
Electron acceptor N/S molar ratio TDS (mg  S L−1)
NO3− 0.9 49.3 ± 3.5
NO − 1.7 26.6 ± 5.1396 B.S. Moraes et al. / Process B
he actual chemical reactions are described in Eqs. (3) and (4),  as
eported by Jing et al. [7].
HS− + 8NO3− + 3H+ → 5SO42− + 4N2 + 4H2O
Gm = −3848 kJ/mol  (1)
HS− + 8NO2− + 5H+ → 3SO42− + 4N2 + 4H2O
Gm = −2944 kJ/mol (2)
S− + (2/5)NO3− + (7/5)H+ → S0 + (1/5)N2 + (6/5)H2O
Gm = −252.8 kJ/mol  (3)
S− + (2/3)NO2− + (5/3)H+ → S0 + (1/3)N2 + (4/3)H2O
Gm = −305.7 kJ/mol (4)
Considering the variation of standard Gibbs free energy, the
omplete sulﬁde oxidation reactions are thermodynamically more
avourable. However, many studies have reported the formation
f elemental sulfur as an intermediary of autotrophic denitriﬁca-
ion as a function of sulﬁde concentration, especially when nitrate
s the electron acceptor [2,8–10].  Considering the reactions with
ormation of such intermediary compound, denitriﬁcation from
itrite occurs more easily than denitriﬁcation from nitrate. On
he other hand, denitriﬁcation from nitrate is considerably more
avourable when complete sulﬁde oxidation takes place. The path-
ays involved in autotrophic denitriﬁcation integrated to sulﬁde
xidation are, however, still obscure. Some authors reported that
itrite accepted electrons from sulﬁde oxidation more efﬁciently
han nitrate, even when sulfate formation was prevailing [6]. In
ontrast, other authors suggested that nitrate is a better electron
cceptor when coupled to complete or partial sulﬁde oxidation
7,11].
In this way, efforts must be made in order to allow a better
nderstanding and control of this bioprocess, in view of its eco-
omic, operational and environmental advantages. This research
valuated the effect of sulﬁde concentration in autotrophic den-
triﬁcation, comparing the use of nitrate and nitrite as electron
cceptors. For this purpose, short-term experiments were per-
ormed in vertical ﬁxed-bed reactors fed with synthetic wastewater
imulating nitriﬁed domestic sewage.
. Methods
.1. Vertical ﬁxed-bed reactors
The reactors were composed of three modules: feed chamber at the bottom
56 mm height), support bed for biomass attached growth (22 cm height), and exit
hamber at the top (56 mm height). All parts were made of acrylic tubes with 50 mm
nd  45 mm of external and internal diameter, respectively, joined by ﬂanges with
ubber seal. Such ﬂanges supported screens of stainless steel holding the biomass
upport media between them. The reactors’ bed consisted of 0.5 cm polyurethane
oam cubic matrices, in which the biomass was immobilised. The working volume
as  375 mL.  After inoculation, the reactors were kept in a chamber at 30 ± 1 ◦C and
perated in upward ﬂow mode at the hydraulic retention time (HRT) of 9 h. Feeding
as  carried out by continuous pumping of prepared medium from 2 L-Duran bot-
les  maintained under refrigeration at 4 ◦C. An oxygen-free atmosphere was  kept
nside the bottles by introducing N2 gas (100%) in their headspaces. To ensure the
revalence of such atmosphere, each bottle had a bladder ﬁlled with the same N2
as, attached to the rubber septum at the top of reactors..2. Feeding composition and inoculum
The inoculum was  obtained from a UASB reactor treating poultry slaughterhouse
astewater. The procedure of immobilisation occurred according to Moraes and
oresti [14]. The medium simulated nitriﬁed domestic sewage, as used by Callado3
NO2− 1.5 29.5 ± 2.5
NO2− 2.8 16.4 ± 4.4
and Foresti [15] and modiﬁed by Moraes et al. [16]. Nitrate and nitrite were used
as  electron acceptors in separate experiments and the same nitrogen concentra-
tion of 20 mg N L−1 was kept for both assays. The ﬁnal composition (mg  L−1) was:
KNO3 (144) or NaNO2 (99), KH2PO4 (36), NH4Cl (16), NaHCO3 (2000), MgCl2·6H2O
(28), CaCl2·2H2O (18). Sulﬁde was provided as Na2S·9H2O solution injected through
the rubber sealing at the top of the Duran bottles after the reactors had been
ﬂuxed with N2 and sealed. Two sulﬁde concentrations were tested to each elec-
tron acceptor: excess of electron donor (molar N/S ratios of 0.9 and 1.5, for nitrate
and  nitrite respectively) and close to the required stoichiometrically (molar N/S
ratios of 1.7 and 2.8 for nitrate and nitrite, respectively), both considering com-
plete oxidation to sulfate (Table 1). Denitriﬁcation in the absence of sulﬁde was  also
evaluated. Trace elements solution was added at 2 mL  L−1. This solution was com-
posed of (g L−1): EDTA (0.50), ZnSO4·7H2O (0.04), CaCl2·2H2O (0.07), MnCl2 (0.03),
(NH4)6Mo7O24·4H2O (0.01), CuSO4·H2O (0.02), CoCl2·6H2O (0.02) [4].
2.3.  Operational procedures
Two  vertical ﬁxed-bed reactors were used in parallel, one for each electron
acceptor evaluated. Three experimental conditions regarding electron donor con-
centration were evaluated: absence of sulﬁde, sulﬁde concentration close to the
correspondent stoichiometry relative to nitrite or nitrate, and sulﬁde in excess rel-
atively to the electron acceptors. Thus, a total of six assays were performed for a
period of 30–35 days each one: two reactors operated in parallel and three different
experiments in each reactor. When the evaluation of one experimental condition
was ﬁnished, the reactors were dismantled and a new experiment was  started, with
new inoculum, i.e., fresh UASB biomass was  always submitted to the immobilisation
procedure at the beginning of each new experiment. The reactors were monitored
three times a week and inﬂuent and efﬂuent samples were collected for denitriﬁca-
tion performance analysis. The inﬂuent was collected before entering the reactors
and  the efﬂuent was taken at the top of the reactors, inside the exit chamber.
2.4. Analytical methods
All chemical analyses were performed according to Standard Methods for the
Examination of Water and Wastewater [17]. Nitrate (NO3−-N), nitrite (NO2−-N) and
ammonium (NH4+-N) were quantiﬁed by ﬂow injection analysis (FIA). Total dis-
solved sulﬁde (TDS) was determined by the methylene blue colorimetric method.
Sulfate (SO42−-S) was  measured by the turbidimetric method. Nitrogen gas and
intermediary sulfur compounds were evaluated by mass balances.
3. Results and discussion
3.1. Denitriﬁcation from nitrate
3.1.1. Absence of sulﬁde
The behaviour of nitrogen compounds under absence of sul-
ﬁde is shown in Fig. 1. Nitrate removal up to 60% was  observed
in the ﬁrst 10 days of operation. The efﬁciency decreased gradu-
ally along the operation to approximately 15% after 24 days. In this
case, the observed nitrate removal was probably due to marginal
heterotrophic denitriﬁcation with the use of endogenous carbon
sources, since there was no organic carbon source in the feeding.
It is noteworthy that the inoculum was  a mixotrophic anaerobic
sludge. Besides, the ammonium formation in the ﬁrst 16 days of
operation indicated the occurrence of endogenic activity. There-
fore, the residual heterotrophic denitriﬁcation occurred mostly due
to the endogenous process settled inside the reactor. The average
pH values increased from 8.2 to 8.5 due to marginal heterotrophic
denitriﬁcation, because this process releases OH− ions.3.1.2. Sulﬁde concentration in excess (N/S < 1.6)
Low nitrate removal efﬁciency up to 25.5% was  obtained during
the ﬁrst days of operation, but from day 10 onwards, the aver-
age removal efﬁciency was 98.5%. Ammonium concentrations in
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cig. 1. Behaviour of (a) oxidized nitrogen compounds and (b) ammonium-N monito
itrate:  () inﬂuent nitrate-N; (©) efﬂuent nitrate-N; () efﬂuent nitrite-N; () inﬂ
he inﬂuent and efﬂuent remained constant during this period,
veraging 3.7 ± 0.4 and 3.8 ± 0.4 mg  NH4+-N L−1, respectively. Thus,
he dissimilatory nitrate reduction to ammonium (DNRA) process
as not detected and all nitrate consumed was  subject to den-
triﬁcation. Nitrite was  not detected at any time. The values of
H remained constant at 8.9–9.0. Sulfur compounds behaviour
roved the occurrence of autotrophic denitriﬁcation with sul-
de as electron donor. Sulﬁde consumption and sulfate formation
ere detected during all monitored period. However, the sulfur
ass balance could not be closed (Fig. 2a). The concentrations of
ulﬁde-S consumed were higher than the concentrations of sulfate-
 generated in the whole period, probably due to the formation
f intermediary sulfur compounds, e.g. elemental sulfur. Further-
ore, the formation of whitish layer covering the foam matrices
nside the reactor was observed. This was an indicative of elemental
ulfur accumulation. Other authors also reported that high sulﬁde
oncentrations (N/S < 1.6) led to partial oxidation of this electron
onor with formation of intermediary sulfur compounds, especially
lemental sulfur [4,11].
Cervantes et al. [11] also observed the formation of elemen-
al sulfur as the main intermediary product of sulﬁde oxidation.
he authors emphasised that the elemental sulfur previously
ormed was used as electron donor to complete the denitriﬁca-
ion of nitrate, when high sulﬁde concentrations were applied. This
ehaviour was also observed in the present research, as indicated
y the bicarbonate alkalinity (BA) analysis. There were periods of
ncrease and decrease of BA values (Fig. 2b). This result suggests
he use of elemental sulfur as electron donor in addition to the
se of sulﬁde. The use of the former compound causes alkalinity
onsumption whereas the use of the latter one generates alkalin-
ty [18,19]. Thus, SOAD process may  have occurred in two  steps:
nitially, sulﬁde was mainly oxidized to elemental sulfur and this
ntermediary compound was subsequently oxidized to sulfate, as
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(a)  
ig. 2. Monitoring of (a) sulfur compounds and (b) bicarbonate alkalinity for the operatio
onsumption; () sulfate production; () inﬂuent BA; (©) efﬂuent BA.ring the operation in the condition with absence of sulﬁde and denitriﬁcation from
 ammonium-N; () efﬂuent ammonium-N.
previously reported by Gadekar et al. [20]. It is noteworthy that
additional intermediary sulfur compounds may have been formed,
but analysis of these compounds were not performed to prove this
information. Only elemental sulfur was visually detected, as well as
observed by other authors who  have also described the processes
involved in SOAD [2,4,5].  Reyes-Avila et al. [8] evaluated such bio-
process using acclimated suspended biomass. The authors found
out that sulﬁde oxidation occurred ﬁrst to thiosulfate and elemen-
tal sulfur, and subsequently to sulfate, being this last step slower
than the ﬁrst.
3.1.3. Stoichiometric value of sulﬁde concentration (N/S = 1.6)
Stable nitrate consumption of 84% in average, with low
nitrite formation (2.0 ± 0.6 mg  NO2−-N L−1), was  observed
during the whole period. Residual concentrations of nitrate
(1.6 ± 0.3 mg  NO3−-N L−1) and nitrite in the efﬂuent were due to
insufﬁciency of electron donors. That is, the average sulﬁde con-
centration added in the whole period (26.6 ± 5.1 mg  TDS L−1)
was slightly lower than the stoichiometric value required
(28.8 mg  TDS L−1) relative to nitrate. Ammonium concentrations
in the inﬂuent and efﬂuent remained constant during all the oper-
ation period (4.4 ± 0.3 and 4.2 ± 0.8 mg NH4+-N L−1, respectively).
Values of pH ranged from 8.7 to 8.9. Complete sulﬁde consumption
with sulfate formation was detected constantly and the sulfur
mass balance showed very close values (Fig. 3a). However, a very
thin whitish layer surrounding some foam matrices was  observed
after the day 12, indicating the formation and small accumulation
of elemental sulfur as one of the possible intermediary sulfur
compounds. The results of BA analysis indicated that elementaldenitriﬁcation, since that parameter showed similar values in the
inﬂuent and efﬂuent (Fig. 3b). As in the condition in which sulﬁde
concentration was  in excess, SOAD process probably occurred in
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wo subsequent steps. These results are in agreement with those
eported by Beristain-Cardoso et al. [10]. These authors evaluated
he effect of the initial sulﬁde concentration on the simultaneous
henol and sulﬁde oxidation, in batch assays, under denitrifying
onditions. When nitrate and sulﬁde were added at the stoichio-
etric concentrations, the medium in the bioassays changed
lightly from colourless to white. This behaviour was attributed to
he transient formation of colloidal elemental sulfur in the culture.
he observation of a slight whitish color, characteristic of colloidal
lemental sulfur, was also reported in other studies [2,4].
Comparing the conditions studied regarding sulﬁde addition
excess and stoichiometric value), the formation of intermediary
ulfur compounds in the second condition was much lower. In this
ondition, the formation of such compounds was only transient
nd they probably were in the colloidal elemental sulfur form. In
ontrast, the excess of sulﬁde resulted in elemental sulfur accumu-
ation. In this way, the N/S molar ratio inﬂuenced the formation
f ﬁnal products from sulﬁde oxidation in autotrophic denitriﬁca-
ion. When this ratio was lower than the required stoichiometric
alue (N/S < 1.6), incomplete sulﬁde oxidation to intermediary sul-
ur compounds was favoured. On the other hand, complete sulﬁde
xidation to sulfate was achieved when this ratio was  equal or
lightly higher than 1.6. Regardless of the N/S molar ratio, however,
ulﬁde oxidation tended to occur in two steps. In this last condi-
ion, complete oxidation to sulfate only occurred due to the lower
ulﬁde concentration available for oxidation. Thus, the interme-
iary sulfur compounds formed would have to be necessarily
xidized to sulfate in order to provide the electrons required for
omplete denitriﬁcation. In the condition with sulﬁde in excess,
he oxidation of this electron donor was preferred due to its higher
ioavailability to microorganisms when compared to intermediary
ompounds such as elemental sulfur.
Although the formation of elemental sulfur, in the autotrophic
enitriﬁcation, is thermodynamically less favourable than the sul-
de oxidation to sulfate, as described in Eqs. (1) and (3),  partial
able 2
verage concentrations of nitrogen compounds in the inﬂuent and efﬂuent: monitoring o
Period of time (d) Inﬂuent
mg  NO2−-N L−1 mg NO3
4–8 18.6 ± 3.3 – 
11–19  20.8 ± 1.1 – 
20–29  18.9 ± 1.0 – 
Period of time (d) Efﬂuent
mg  NO2−-N L−1 mg NO3
4–8 5.4 ± 0.7 3.8 ± 1
11–19  9.7 ± 0.7 5.6 ± 2
20–29  8.8 ± 1.4 3.7 ± 1ion with stoichiometric sulﬁde concentration and denitriﬁcation from nitrate: ()
sulﬁde oxidation seemed to be the preferential pathway in the
reduction of nitrate. This fact is commonly reported in the literature
[4,8,10,11], and can be explained in terms of electrons equivalent.
The electron requirement for sulﬁde oxidation to elemental sulfur
is 4 times lower than the required for oxidation to sulfate, according
to Kleerebezem and Mendez [3]. Thus, the oxidation to elemental
sulfur occurs more favourably than to sulfate, based on the amount
of electrons required. Beristain-Cardoso et al. [4] also reported the
lower electron equivalent requirements as one of the causing fac-
tors of elemental sulfur formation.
3.2. Denitriﬁcation from nitrite
3.2.1. Absence of sulﬁde
In the absence of sulﬁde, the behaviour of nitrogen compounds
was unstable, with partial removal of nitrite and formation of
nitrate. Nitrate formation may  have occurred due to the activity
of microorganisms responsible for Anaerobic Ammonium Oxida-
tion (ANAMMOX) process [21], probably present in the anaerobic
seed sludge. The presence of these microorganisms in granular
anaerobic sludge was  also observed by Jianlong and Jing [22]. How-
ever, ammonium formation was detected in the whole operation
period. This fact may  have occurred for two reasons: endogenous
decay, since the sludge was  predominantly heterotrophic and it was
being adapted to autotrophic environment; or by the occurrence
of the DNRA process. Table 2 presents the average concentrations
of nitrogen compounds in the inﬂuent and efﬂuent as well as the
approximate nitrogen mass balance. The fraction of organic nitro-
gen was  considered irrelevant. The operation period was  divided
into three parts, according to the behaviour of nitrogen compounds.
In the early days, a reasonable amount of nitrite was  denitriﬁed
probably via endogenic activity, because no electron donor was
added. From the eleventh day onward, the heterotrophic deni-
triﬁcation decreased and the oxidation of nitrite to nitrate was
more signiﬁcant until the nineteenth day. From the twentieth day
f the condition with no sulﬁde and denitriﬁcation via nitrite.
−-N L−1 mg NH4+-N L−1 mg N L−1
5.7 ± 0.5 24.3 ± 3.7
3.9 ± 1.4 24.7 ± 3.7
4.9 ± 3.1 23.8 ± 2.9
−-N L−1 mg NH4+-N L−1 mg N L−1
.6 7.1 ± 0.3 16.3 ± 1.9
.2 5.9 ± 2.0 21.3 ± 2.8
.1 8.0 ± 2.6 20.5 ± 4.4
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nward, ammonium production was increased, suggesting that
NRA process was the predominant metabolic pathway used by
icroorganisms and/or cell death was intensiﬁed. The average pH
alues increased from 8.2 to 8.5.
.2.2. Sulﬁde concentration in excess (N/S < 2.7)
Nitrite consumption was observed in the ﬁrst days of opera-
ion (Fig. 4a). Nitrate was not detected at any time, providing no
vidences for ANAMMOX activity. Compared with denitriﬁcation
rom nitrate, with the same sulﬁde concentration, nitrite was used
ore readily than nitrate. Almost complete nitrite removal was
bserved after 4 days of operation, while for denitriﬁcation from
itrate, higher amounts of consumed nitrate were detected only
fter 10 days of operation. Thus, microorganisms required more
ime for adaptation to use the nitrate efﬁciently, compared with the
itrite. This fact was possibly due to the higher reactivity of nitrite
ompared with nitrate, i.e., nitrite receives the electrons donated
rom sulﬁde more efﬁciently [6].  According to Jing et al. [7],  the
olecular conﬁguration of “plane corner” makes nitrite more active
han nitrate, but also more toxic to microorganisms.
Ammonium levels were stable from the tenth day onwards
Fig. 4b). The increase of ammonium concentration in the initial
eriod was attributed to two possibilities: (a) part of removed
itrite was converted to ammonium via RDNA; (b) endogenous
ecay caused by the autotrophic environment in which the sludge,
ostly heterotrophic, was being adapted. In addition, the presence
f nitrite could have caused toxicity to anaerobic biomass, but at a
ower degree for denitrifying microorganisms, as reported by Jing
t al. [7].  Banihani et al. [23] also observed toxicity of nitrite on
naerobic granular sludge in batch reactors in which methano-
enesis and denitriﬁcation occurred simultaneously. Although
ethanogenesis had been inhibited by the presence of nitrite,
enitriﬁcation occurred throughout the operation and, thus, the
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toxicity of nitrite did not affect the denitriﬁcation. Other authors
also observed toxic effects of nitrite on anaerobic sludge with
no harm to the denitrifying activity [24,25].  Since sulﬁde con-
sumption was lower than the stoichiometric value required for
autotrophic denitriﬁcation from nitrite (Fig. 5a), some endogenic
activity might have produced organic electron donors for denitriﬁ-
cation. From the eleventh day of operation onwards, RDNA and/or
cell death decreased, with less ammonium production. Besides,
sulﬁde consumption was higher than the stoichiometric value
required, conﬁrming the occurrence of autotrophic denitriﬁcation
from nitrite using sulﬁde as electron donor. Sulfate formation fol-
lowed the sulﬁde consumption and the mass balance was closer to
completion when compared to denitriﬁcation from nitrate in this
same condition. However, the balance was  not completely closed
(Fig. 5b). In the eighth and sixteenth days, sulfate formation was
clearly below the expected consumed sulﬁde, which suggests the
formation of intermediary sulfur compounds. Besides, a whitish
layer covering the foam inside the reactor was also observed. In
this case, autotrophic denitriﬁcation using elemental sulfur was
also considered, since intermittent periods of low generation and
low consumption of BA were detected. Thus, the use of elemental
sulfur as electron donor may  have occurred concurrently with the
use of sulﬁde, which prevented large variations of BA. The aver-
age values of this parameter were 545.2 ± 44.3 mg CaCO3 L−1 in the
inﬂuent and 524.3 ± 47.3 mg  CaCO3 L−1 in the efﬂuent. The average
pH values were 8.7–8.8.
Therefore, as observed in the denitriﬁcation from nitrate, com-
plete sulﬁde oxidation seemed to occur in two steps, with the
formation of intermediary sulfur compounds during the use of sul-
ﬁde as electron donor for denitriﬁcation from nitrite. Based on the
visual evidences and on the results of BA analysis, elemental sul-
fur was the main intermediate that has also been used as electron
donor.
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.2.3. Stoichiometric value of sulﬁde concentration (N/S = 2.7)
Complete nitrite consumption was observed from the ﬁfteenth
ay onwards (Fig. 6a). Compared to denitriﬁcation from nitrate,
itrite was more readily consumed. As in the previous condition,
his was attributed to the higher reactivity of nitrite compared to
itrate, allowing better use of that acceptor by microorganisms.
itrate production was not detected at any time, providing no evi-
ences for ANAMMOX activity. Ammonium levels remained stable
rom the eighth day of operation onwards, with small produc-
ion up to 0.5 mg  NH4+-N L−1 during this period. The behaviour of
ulfur compounds conﬁrmed the occurrence of autotrophic den-
triﬁcation from nitrite coupled to sulﬁde oxidation. Complete
ulﬁde consumption and sulfate production were observed in the
hole operation. Sulfur mass balance was closed and some small
ariations were attributed to the formation of low amounts of
ntermediary sulfur compounds (Fig. 6b). In this way, a small por-
ion of nitrite was denitriﬁed via endogenic activity, in addition
o autotrophic denitriﬁcation. This assertion is supported by the
act that the electron acceptor was completely consumed most of
he time, even when sulﬁde was not completely oxidized to sul-
ate. However, acceptor and donor concentrations were present at
he stoichiometric values. Thus, electrons donated only by sulﬁde
n autotrophic denitriﬁcation process would be insufﬁcient if the
onor was not completely oxidized.
BA values remained at 501.0 ± 48.5 mg  CaCO3 L−1 and
02.3 ± 22.1 mg  CaCO3 L−1 in the input and output of reactor,
espectively. Small variations between generation and consump-
ion of BA reﬂected the use of different sulfur forms as electron
onor, corresponding to sulﬁde and elemental sulfur, respectively.
lthough the formation of additional intermediary sulfur com-
ounds cannot be ruled out, the elemental sulfur as the main
ntermediate used as electron donor can be asserted, in view of
A results. Therefore, in the experiment with sulﬁde and nitrite in
toichiometric concentrations, sulﬁde oxidation also occurred in
wo steps, as observed in all other evaluated experiments. The pH
ange was 8.6–8.9, varying according to the BA interchange.
Mahmood et al. [26] observed a different behaviour of sulfur
ompounds when applying the stoichiometric nitrite to sulﬁde
olar ratio (N/S = 2.7). In their research, the sulﬁde oxidation
eaction to elemental sulfur was predominant in the up ﬂow reac-
or. However, the authors applied much higher concentrations
f sulﬁde and nitrite up to 1920 mg  S L−1 and 2265.25 mg  N L−1,
espectively. At these high substrate concentrations, biomass
oxicity might have occurred resulting in the prevalence of different
athways.
In general, the results obtained in all experiments revealed
he use of nitrite more readily than nitrate as electron accep-
or in autotrophic denitriﬁcation, although no limitations for the
se of both was observed. Considering the application of SOAD
n pre-nitriﬁed efﬂuents from UASB reactors treating domesticdition with sulﬁde in stoichiometric concentration and denitriﬁcation from nitrite:
te-N.
sewage, this information may  contribute for further development
of the ammonium nitrogen oxidation process that precedes the
nitrogen removal step. Although nitriﬁcation to nitrate requires
less operational control, driven nitriﬁcation only to nitrite can be
economically advantageous. Considering that denitriﬁcation from
nitrite seemed to be more favourable, the ﬁrst step of the nitro-
gen removal process (ammonium oxidation) can be conveniently
performed.
4. Conclusions
SOAD process proved to be a viable solution for removal of
nitrate/nitrite and sulﬁde from pre-nitriﬁed efﬂuent produced by
anaerobic reactors treating domestic sewage in a single system. The
occurrence of marginal heterotrophic denitriﬁcation via endogenic
activity, during short term operation, complemented the removal
of oxidized nitrogen compounds by the autotrophic bioprocess,
which was  not affected. Therefore, SOAD seemed to be a versa-
tile process, which can occur simultaneously with heterotrophic
denitriﬁcation. Complete sulﬁde oxidation occurred in two steps,
with the formation of elemental sulfur as the main intermediary
compound. This chain reaction was more evident when nitrate
was used as electron acceptor. Sulﬁde concentration inﬂuenced
the formation of ﬁnal oxidation products. Higher sulﬁde concen-
trations led to larger formation of intermediary sulfur compounds.
Finally, nitrite was used more readily by microorganisms when
compared to nitrate, information that might be useful for planning
and optimisation of the ﬁrst step of nitrogen removal from efﬂuents
produced by anaerobic reactors applied to domestic sewage treat-
ment. However, further studies on the SOAD process are needed
to elucidate the preferable pathways involved in this bioprocess,
especially when nitrite is the electron acceptor.
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